Abstract. Massive neutrinos demand to ask whether they are Dirac or Majorana particles. Majorana neutrinos are an irrefutable proof of physics beyond the Standard Model. Neutrinoless double electron capture is not a process but a virtual ∆L = 2 mixing between a parent A Z atom and a daughter A (Z − 2) excited atom with two electron holes. As a mixing between two neutral atoms and the observable signal in terms of emitted two-hole X-rays, the strategy, experimental signature and background are different from neutrinoless double beta decay. The mixing is resonantly enhanced for almost degeneracy and, under these conditions, there is no irreducible background from the standard two-neutrino channel. We reconstruct the natural time history of a nominally stable parent atom since its production either by nature or in the laboratory. After the time periods of atom oscillations and the decay of the short-lived daughter atom, at observable times the relevant "stationary" states are the mixed metastable long-lived state and the short-lived excited state, as well as the ground state of the daughter atom. Their natural population inversion is most appropriate for exploiting the bosonic nature of the observed X-rays by means of stimulating X-ray beams. Among different observables of the atom Majorana mixing, we include the enhanced rate of stimulated X-ray emission from the long-lived metastable state by a high-intensity X-ray beam. A gain factor of 100 can be envisaged in a facility like European XFEL.
Introduction
The experimental evidence of neutrino oscillations [1, 2] implies that neutrinos are massive particles and that the three flavor neutrinos are mixtures of the neutrinos with definite masses. The existence of non-vanishing neutrino masses opens up the most fundamental question of whether neutrinos are Dirac or Majorana particles, which cannot be answered by neutrino oscillation experiments.
Up to now, there is a consensus that the highest known sensitivity to small Majorana neutrino masses can be reached in experiments on the search of the L-violating neutrinoless double-β decay process (0νββ)
A Z → A (Z + 2) + 2e
where A Z is a nucleus with atomic number Z and mass number A. This observable is proportional to the key parameter
which is a coherent combination of the three neutrino masses.
There is an alternative to 0νββ by means of the mechanism of neutrinoless double electron capture (0νECEC),
This is actually a mixing between two states of two different neutral atoms differing in the total lepton number L by two units, and the same baryonic number A, and not a process conserving energy and momentum in general. The daughter atom is in an excited state with two electron holes and its decay provides the signal for (3). We study the implications of this mixing between parent and daughter atom.
The evolution Hamiltonian
In the basis of the A Z and A (Z − 2) * states, which we'll refer to as 1 and 2, the dynamics of this two-state system of interest is governed by the Hamiltionian
with a Majorana ∆L = 2 mass mixing M 21 from Eq.(3). The anti-Hermitian part of this Hamiltonian is due to the instability of A (Z − 2) * , which de-excites into A (Z − 2) g.s. , external to the two-body system in Eq.(4), emitting its two-hole characteristic X-ray spectrum.
Besides being non-Hermitian, IH is not a normal operator, i.e. [IM, IΓ] = 0. As a consequence, IM and IΓ are not compatible. The states of definite time evolution, eigenstates of IH, have complex eigenvalues and are given in non-degenereate perturbation theory [3] by
with ∆ = M 1 − M 2 . As seen in Eq.(5), Γ L,S are not the eigenvalues of the IΓ matrix. The eigenstates are modified at first order in M 21 ,
so the "stationary" states of the system don't have well-defined atomic properties: both the number of electrons and their atomic properties are a superposition of Z and Z − 2. Also, these states are not orthogonal-their overlap is given by
with its non-vanishing value due to the joint presence of the mass mixing M 21 and the decay width Γ. Notice that Im(M 21 ) originates a real overlap.
As seen in Eq.(5), the modifications in the corresponding eigenvalues appear at second order in |M 21 | and they are equidistant with opposite sign. Since these corrections are small, from now on we will use the values
The only relevant correction at order |α| 2 is the one to Γ L , since |1 was a stable state-even if it's small, the mixing produces a non-zero decay width.
This result shows that, at leading order, the Majorana mixing becomes observable through Γ L ∝ |α| 2 . The value of α in Eq. (6) emphasizes the relevance of the condition ∆ ∼ Γ, which produces a Resonant Enhancement [4] of the effect of the ∆L = 2 mass mixing M 21 .
3. Natural time history for initial A Z As seen in Eq. (5), the states A Z and A (Z − 2) * are not the stationary states of the system. For an initially prepared A Z , the time history is far from trivial and the appropriate language to describe the system short times after is that of Atom Oscillations between A Z and A (Z − 2) * due to the interference of the amplitudes through |λ S and |λ L in the time evolution. The time-evolved A Z gives raise to the appearance probability
with an oscillation angular frequency |∆|. The characteristic oscillation time τ osc = |∆| −1 is the shortest time scale in this system. For t ≪ τ osc , one has
induced by the mass mixing. The next shortest characteristic time in this system is the decay time τ S = Γ −1 , associated to the |λ S state. For τ osc ≪ t ≪ τ S , the only change with respect to Eq. (9) is that the interference region disappears, and the two slits |λ L and |λ S contribute incoherently,
For t ≫ τ S , the contribution of |λ S disappears and the appearance probability simply becomes
In other words, the initially prepared A Z state evolves towards the stationary metastable state
with the long lifetime
For a realistic time resolution δt in an actual experiment, this regime is the interesting one, with the behavior in Eq.(13). The different time scales involved in this problem are thus
where t refers to the elapsed time since the production of A Z , either by nature or in the lab-given the smallness of the mixing, the metastability of the state (13) is valid even for cosmological times. Therefore, for any time between the two scales τ S and τ L , the populations of the three states involved are given by the probabilities
where P g.s. (t) refers to the population of the ground state of the A (Z − 2) atom after the decay of the unstable "stationary" state |λ S , with rate Γ. No matter whether t refers to laboratory or cosmological times, the linear approximation in t is excellent.
Observables
With this spontaneous evolution of the system, an experiment beginning its measurements a time t 0 after the A Z was produced will probe the three-level system with relative populations P L ≈ 100%, P S ≈ 0, P g.s. ≈ |α| 2 Γ t 0 . We discover different methods, involving the third state beyond the mixed states, to be sensitive to the resonant Majorana mixing of atoms:
• Spontaneous Emission from the metastable state to the daughter atom ground state. The population in the upper level |λ L , as shown in Eq.(15a), decreases with time as P L (∆t) ≈ 1 − Γ L ∆t, where ∆t = t − t 0 , due to the decay of the metastable "stationary" state |λ L to A (Z − 2) g.s. . This process is associated to the spontaneous emission of Xrays with a rate Γ L , considered in the literature after the concept of Resonant Mixing was introduced in Ref. [4] . For one mole of 152 Gd, the X-ray emission rate would be of order 10 −12 s −1 ∼ 10 −5 yr −1 . Its unique signature is the total energy of the two-hole X-ray radiation, displaced by ∆ with respect to the characteristic
X-ray spectrum, i.e. its energy release is the Q-value between the two atoms in their ground states.
. The natural population inversion between the ground state and the metastable "stationary" state |λ L gives raise to the possibility of stimulating the decay |λ L → A (Z − 2) g.s. . The experimental signature of this process would be the emission of X-rays with total energy equal to the Q-value of the process, just like in the first observable of spontaneous emission. When compared with the spontaneous rate, one finds a gain factor
where dN/dtdS is the luminosity L of the beam and ω the transition angular frequency. At XFEL, a sound simulation of the conditions of the machine [5] gives, for typical energies of tens of keV, the expected number of photons per pulse duration dN/dt = 10 10 fs −1 and the spectral width dω/ω = 1.12 × 10 −3 . Nanofocusing of this X-ray FELs has been contemplated [6] ; using a beam spot of the order of 100 nm would lead to a gain factor from (16) of G ∼ 100. Applying this beam on a target of one mole of 152 Gd would provide an X-ray emission rate of order 10 −10 s −1 ∼ 10 −3 yr −1 .
• Daughter Atom Population. The presence of the daughter atom in the parent ores (see Eq.15c), can be probed e.g. by geochemical methods. For one mole of the nominally stable 152 Gd isotope produced at the time of the Earth formation, one would predict an accumulated number of order 10 4 152 Sm atoms. This observable could be of interest for cosmological times t 0 since, contrary to ββ-decay, in the ECEC case there is no irreducible background from a 2ν channel for a resonant atom mixing.
In the presence of a light beam, the daughter atom population would absorb those characteristic frequencies corresponding to its energy levels, which would then de-excite emitting light of the same frequency. In the case of the one mole 152 Gd ore that we mentioned in the previous section, all 10 4 Sm atoms could be easily excited to any of its ∼ 1 eV levels using a standard pulsed laser of order 100 fs pulse duration, with a mean power of 5 W and a pulse rate of 100 MHz.
It is worth noting from the results of this section that the bosonic nature of the atomic radiation is a property that can help in getting observable rates of the Atom Majorana Mixing, including the stimulated X-ray emission from the parent atom as well as the detection of the presence of the daughter atoms by means of its characteristic absorption lines. The actual values correspond to the specific case of 152 Gd → 152 Sm, which is still off the Resonance Condition by at least a factor 30, implying a factor 10 3 in the rates.
On this regard, there are many experimental searches [7] [8] [9] [10] [11] of candidates with better fulfillment of the resonance condition, using the trap technique for precission measurement of atomic masses.
Conclussions
Neutrinoless double electron capture in atoms is a quantum mixing mechanism between the neutral atoms A Z and A (Z − 2) * with two electron holes. It becomes allowed for Majorana neutrino mediation responsible of this ∆L = 2 transition. This Majorana Mixing leads to the X-ray de-excitation of the A (Z −2) * daughter atomic state which, under the resonance condition, has no Standard Model background from the two-neutrino decay.
The intense experimental activity looking for atomic candidates satisfying the resonance condition by means of precise measurements of atomic masses, thanks to the trapping technique, has already led to a few cases of remarkable enhancement effects and there is still room for additional adjustements of the resonance condition. With this situation, it is important to understand the complete time evolution of an atomic state since its inception and whether one can find, form this information, different signals of the Majorana Mixing, including the possible enhancement due to the bosonic nature of atomic transition radiation. These points have been addressed in this work.
The effective Hamiltonian for the two mixed atomic states leads to definite non-orthogonal states of mass and lifetime, each of them violating Global Lepton Number, one being metastable with long lifetime and the other being short timelived. For an initial atomic state there are time periods of Atom Oscillations, with frequency the mass difference, and the decay of the short lived state, which are not observable. For observable times, the system of the two atoms has three relevant states for discussing transitions: one highly populated state with long lifetime, one empty state with short lifetime and the ground state of the daughter atom with a small population as a result of the past history. As a consequence, this is a case of natural population inversion suggesting the possibility of stimulated radiation transitions besides the natural spontaneous X-ray emission.
The actual results obtained in this work demonstrate that the gain factors which could be obtained for double electron capture signals, by using the strategy of stimulating the relevant transitions, are significant. Taking into account the ongoing searches for new atomic candidates with a better fulfillment of the resonance condition, these processes could become realistic alternatives in the quest for the Dirac/Majorana nature of neutrinos.
